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A newly-developed super-high-yield two-line hybrid rice (Oryza sativa L.) LiangYouPeiJiu (LYPJ) together with its paternal line Wumang
9311 (WM9311) and maternal line Peiai 64S (PA64S) were used as experimental materials. The activities of C4 pathway photosynthetic enzymes,
i.e. phosphoenolpyruvatecarboxylase (PEPcase), NADP-malic enzyme (NADP-ME), NADP-malate dehydrogenase (NADP-MDH), pyruvate
phosphate dikinase (PPDK) and the key C3 pathway enzyme–ribulose-1,5-bisphosphate carboxylase (RuBPcase), as well as soluble protein were
assayed during the days after emergence (DAE) of flag leaves. The results indicated that C4 pathway enzymes were expressed differently during
the flag leaf's span of life. The activity of PEPcase, NADP-MDH, and PPDK were increased with leaf age after full expansion, reached the peak at
around 32 DAE, and then fell down significantly, and the activity of NADP-ME increased before 23 DAE and decreased earlier than other C4
enzymes, at 32 DAE, indicating that NADP-ME may be more sensitive to senescence than other C4 enzymes. The activity of RuBPcase was
significantly higher in LYPJ than that in its parents during the whole life span of flag leaves. The decrease in RuBPcase activity was greater than
that in soluble protein content. The onset of loss of RuBPcase activity (11 DAE) occurred earlier than that of soluble protein content (23 DAE). In
comparison, there was no significant difference in C4 pathway enzymes between LYPJ and its parents.
© 2006 SAAB. Published by Elsevier B.V. All rights reserved.Keywords: C4 pathway enzyme; Flag leaf; Hybrid rice (Oryza sativa L); Ribulose-1,5-bisphosphate carboxylase; Senescence1. Introduction
Improvement of photosynthetic function is the basic solution
to enhance crop yield. Through efforts of breeding scientists,
rice yield has been improved significantly. Yet, the yield of
inbred rice cultivars appears to have reached a maximum
(Rodermel, 2002). Although rice breeders have created
improved, higher producing rice varieties, they haven't been
able to take advantage of a natural phenomenon that jacks up the
yields of grains such as corn (Normile, 2000). Therefore,⁎ Corresponding author.
E-mail address: cgxkjc@hotmail.com (G.-X. Chen).
0254-6299/$ - see front matter © 2006 SAAB. Published by Elsevier B.V. All righ
doi:10.1016/j.sajb.2006.05.002redesigning rice photosynthesis to overcome current yield limits
is the primary purpose for breeders.
The majority of terrestrial plants, including many important
crops such as rice, wheat, soybean, and potato, are classified as
C3 plants that assimilate atmospheric CO2 directly through the
C3 photosynthetic pathway and C4 plants, such as maize and
sugarcane, evolved from C3 plants, acquiring the C4 photo-
synthetic pathway in addition to the C3 pathway to achieve high
photosynthetic performance and high water- and nitrogen-use
efficiencies (Miyao, 2003). It would be of great benefit if C4-
like metabolism could be engineered into C3 plants using
molecular biotechnology approaches to improve the photosyn-
thetic performance of C3 plants. Moreover, selection of parental
materials for tolerance to high temperature and high light mayts reserved.
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reasonable and stable yields under stress. Since 1960s, it has
been a noticeable research topic to attempt to enhance the
photosynthetic efficiency of C3 plants by incorporating C4
photosynthetic traits into them, but there has been no striking
progress for a long time. Recently, several attempts have been
made to transfer features of the C4 photosynthetic pathway into
C3 plants using genetic engineering techniques (for related
references see review in Agarie et al., 2002). However, whether
or not this pathway can operate with desirable effects on C3
photosynthesis is a matter of controversy (Edwards, 1999;
Leegood, 2002; Miyao 2003).
The controversy may be derived from different mechanisms
of C4-cycle enzymes in C3 and C4 plants. Although C4-cycle
enzymes are also common in C3 plants with much smaller
activities (Häusler et al., 2002), the metabolizing manners of C4
enzymes in C3 plants are still unclear. Nutbeam and Duffus
(1976) and Singal et al. (1986) demonstrated that C4 acids in C3
plants were metabolized in the same manner as in C4 pathway,
while Aoyagi and Bassham (1984) suggested that they were not
metabolized in the same manner as in C4 species. Recently,
although some C4 enzymes have been successfully expressed in
C3 plants, there are also conflicting results about effects of
overexpression of C4 enzymes on photosynthesis and growth
(yield) of C3 plants (Häusler et al., 2002). Ku et al. (2001)
reported a 35% increase in the photosynthetic capacity and a
22% increase in grain yield in rice plants overexpressing
PEPcase and PPDK in combination, while other investigators
reported no enhancement of the photosynthetic CO2 assimila-
tion rate (Suzuki et al., 2000; Fukayama et al., 2003).
Additionally, carbon metabolism inside the chloroplast of C3
plants can greatly be perturbed by introduction of a foreign
enzyme (Miyao, 2003). Physiological alterations caused by this
approach have been addressed in a few reports (Miyao, 2003;
Tsuchida et al., 2001). For example, a 20- 70-fold increase in
maize NADP-malic enzyme in rice leaves (located mainly in the
chloroplasts) led to aberrant chloroplast structure with agranal
thylalkoid membranes, and an inverse correlation between
NADP-malic enzyme activity and chlorophyll and photosystem
II activity (Takeuchi et al., 2000). Other studies of rice over-
expressing maize NADP-malic enzyme have also indicated a
reduction in chlorophyll content, reduced growth and enhanced
photoinhibition (Tsuchida et al., 2001), probably resulting from
over-reduction of the NADP pool as a result of a high activity of
the over-expressed enzyme in vivo (Takeuchi et al., 2000;
Tsuchida et al., 2001). Therefore, these contradictionary results,
require reconsideration and further experimentation, since they
used a single line of transformants selected for increased
photosynthetic rate and did not confirm the correlation between
photosynthesis and activity of PEPcase in the transgenic rice
plants (Miyao and Fujayama, 2003).
Thus, it is questionable to improve photosynthesis and growth
(yield) in C3 plants using transfer C4 enzymes into C3 plants to
induce overexpression. An alternative way to select high photo-
synthesis in C3 plants is hence put forward. That is to select a C3
plant with relatively high expression of C4 enzymes in C3 plants
themselves. Of course, this is based on C4 enzymes in C3 plantsprobably do help photosynthesize. In fact, on the basis of C4
enzymes in chloroplast-containing organs besides green leaves,
such as green fruits, soybean pods and rice panicles, with the
potential of photosynthesis (Edwards and Walker, 1983; Blanke
and Lenz, 1989), one proposed that photosynthetic pathway of
rice spikelets may be a new type of ‘fruit photosynthesis’ rather
than being categorized within an existing C3 or C4 types (Blanke
and Lenz, 1989). If such a case were true in these kinds of organs,
C4 enzymesmay similarly photosynthesize in leaves of C3 plants.
Basing on the enhancement of photosynthetic capacity by feeding
heterogenous C4 bicarboxylate into spinach leaves, Chen and Ye
(2001) made sure that there was photosynthetic C4-microcycle
pathway in leaves of C3-plant. This means that C3 plants with
high activities of C4 enzymes may have high carbon assimilation.
Therefore, the aim of present paper attempted to mainly analyze
the changes in the activities of C4 photosynthesis pathway
enzymes and Rubisco activity in flag leaves at different
developing stages, in order to find out whether the super high-
yield hybrid rice LYPJ would have C4 photosynthetic superiority
to some extent. Knowledge of characteristics of C4 enzymes C4
in C3 crops at different reproductive stages could help in planning
future plant breeding or even molecular genetic engineering
designed to impact C4 characteristics to C3 plants.
2. Materials and methods
Field experiments were carried out at the Experimental fields of
the Institute of Agricultural Sciences of Jiangsu Nanjing, China
(32°03′N, 118°47′E). Nanjing is located in the monsoon climate
area of north subtropical zone, with very distinctive four seasons;
its annual average temperature is 15±2.7 °C and the annual pre-
cipitation 989.3±156mm (Fan andChen, 1997). The soil types are
clay loamwith 1.25 g cm− 1bulk density. During the period from 1
August (15 d before the first sampling) to 8 October (the last
sampling date), average radiationwas 20.1MJm-2 d−1, mean daily
temperature is 23.39±0 .47 °C (mean±SE, same below), mean
daily maximal temperature 28.13±0.44 °C, minimum daily tem-
perature 20.00±0.59 °C, mean daily precipitation 9.50±3.90 mm,
mean daily relative humidity 78.18±0.86%.
A newly-developed super-high-yield rice (Oryza sativa L.) va-
riety and its parents, WuMang9311(a paternal line) and PeiAi64S
(a maternal line) were grown in a field fromMay to October 2004.
The total N fertilizer was applied 225 kg per 667 m2, with a N-P-K
ratio of 1:0.6:0.6. The space of plant density was 0.14×0.25 m.
Sampling started from the emergence (15 August, 2004) through
advanced senescence (8 October, 2004, near to harvesting time), of
flag leaves onmain culm in the morning (07:30–11:30 h) on sunny
days at 7–10 d intervals depending on weather.
Biochemical assays: According to the method of Ryšlavá et al.
(2003) and Yang et al. (2003) with some modifications, fresh leaf
tissue (0.5 g) without the midrib harvested from the field was
ground quickly in pre-cold mortar and pestle on ice-bath with
3 cm3 extraction buffer containing 100 mM Tris-H2SO4 (pH8.2),
10 mM MgCl2, 1 mM EDTA, 7 mM dithiothreitol, 1% (W/V)
insoluble polyvinypolyperrolidone and 50% (W/V) glycerol. The
homogenate was centrifuge at 15 000 g at 4 °C for 20min, and the
supernatant was used immediately for assay of enzyme activities.
Fig. 1. Soluble protein content in flag leaves during the days after emergence in a
newly-developed super-high yield hybrid rice LYPJ and its paternal line
WM9311 and maternal line PA64S. Vertical bars indicate SE of the mean value
for three independent samples.
Fig. 2. Activities of PEPcase (A), PPDK (B), NADP-MDH (C) and NADP-ME
(D) in flag leaves during the days after emergence in a super-high-yield hybrid
rice LYPJ and its paternal line WM9311 and maternal line PS64S. Vertical bars
indicate SE of the mean value for three independent samples.
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Bradford (1976) using BSA as a standard. Determination of all
enzyme activities was conducted at 30 °C with WFI800-D38
ultraviolet spectrophotometer by measuring the absorbance
change at 340 nm.
RuBPcase activity was assayed according to Makino et al.
(1985). According to Syare et al. (1979), the PEPcase activity
was assayed at room temperature in a 3 cm3 mixture containing
100 mM Tris-H2SO4 (pH9.2), 10 mM NaHCO3, 10 mM
MgSO4, and 1.5 units NAD
+-malate dehydrogenase, 5 mM
NADH, and 4 m PEP. The reaction was initiated by the addition
of crude enzyme extract. The decrease of absorbance was
monitored spectrophotometrically at 340 nm. PPDK activity
was assayed as described by Ashton et al. (1990). The total
volume of reaction mixture contained 25 mM Tris-HCl (pH
8.3), 10 mM DTT, 8 mM MgSO4, 10 mM NaHCO3, 2 mM
sodium pyruvate (freshly prepared), 2.5 mM K2HPO4 and
5 mM NH4Cl, 1 mM glucose-6-phosphate, 2 units NAD-malate
dehydrogenase, and 0.5 units PEPcase. The reaction started
with adding 0.02 cm3 ATP into 1 cm3 assay medium to give a
final concentration of 1 mM. NADP-ME activity was assayed as
described by Johnson and Hatch (1970) following NADPH
production. The standard assay medium contained 50 mM Tris-
HCl (pH 8.0), 1 mM MgCl2, 1 mM MnCl2, 1 mM EDTA,
0.33 mM NADP. The reaction started by adding 0.05 cm3
100 mM L-malate to give a final of concentration of 5 mM.
NADP-MDH activity was determined as described by Johnson
and Hatch (1970). For determining the maximal potential
activity of NADP-MDH, the crude enzyme preparation was
supplemented with 0.1 mM DTT and 0.2 mM MgCl2 and
incubated at 30 °C for 1.5 h prior to assay. The total volume of
reaction medium contained 100 mM Tris-HCl (pH7.5), 1 mM
EDTA, and 0.18 mM NDPH. Reaction started by adding
0.5 mM oxaloacetic acid to a final concentration of 0.5 mM.
Statistical analysis: Data were obtained from independent
series of experiments. Statistical analysis was done by the
ANOVA test on Micro Origin software (version 7.0).3. Results
Degradation of protein is often used as a measure of leaf
senescence apart from the loss of chlorophyll. As shown in Fig. 1,
for three species, soluble protein content in flag leaves increased
with leaf maturation, peaked at around full expansion, then
maintained relatively constant between 11 and 23DAE, thereafter
significantly dropped. The decrease in soluble protein was slower
in LYPJ than that in its parentsWM9311 and PA64S, especially in
the late senescence of flag leaf (after 43 DAE). PA64S showed a
most rapidly decline in soluble protein. LYPJ showed a lower
decline in soluble content than its parents, indicating that LYPJ
had a lower rate in leaf senescing in terms of soluble content
alone.
As shown in Fig. 2, as C4 pathway key enzymes, PEPcase,
NADP-MDH, NADP-ME and PPDK also existed in hybrid rice
LYPJ and its parents, with different activities depending on
cultivars and developmental stages. The activity of PEPcase, a
key carboxylase in C4 photosynthesis pathway, increased after
emergence of flag leaves and peaked at around 32 DAE for
LYPJ and its paternal line WM9311, 23 DAE for its maternal
line PA64S, and declined afterwards. Hybrid rice LYPJ had an
intermediate activity of PEPcase from emergence to 23 DAE,
25C.-J. Zhang et al. / South African Journal of Botany 73 (2007) 22–28and after 23 DAE had a slightly higher activity than its parents,
but there was no significant difference (Fig. 2A).
PPDK activity showed a similar changing pattern to that of
PEPcase in the time course of flag leaf life. LYPJ also had
slightly higher activity than its paternal line WM9311 and lower
activity than its maternal line PA64S before 23 DAE and after
32 DAE, LYPJ had significantly higher PPDK activity than its
parents (Fig. 2B).
NADP-MDH activity kept relatively constant before 26
DAE and rose sharply afterwards, and also peaked at about 32
DAE, then declined. The hybrid rice LYPJ had slightly higher
activity of NADP-MDH after 32 DAE than its parents.
The onset of peak in NADP-ME activity was observed at
around 23 DAE, earlier than that in other three C4 enzymes,
indicating that NADP-ME may be more sensitive to senescence
than other C4 enzymes. All the results above indicated that, to
some extent, four C4 photosynthetic enzymes had some
physiological functions during the late reproductive stages.
RuBPcase plays an important role in the high yield of crops.
Fig. 3 showed that RuBPcase activity increased from emergence
to full expansion of flag leaves, and decreased after full
expansion. Before 32 DAE, the rice hybrid LYPJ had
significantly higher activity of RuBPcase than its parents.
There was no markedly difference in RuBPcase activity
between WM9311 and PA64S at 32 and 55 DAE, respectively.
The ratio of PEPcase to RuBPcase activity indicated the
proportion of expression of C4 pathway in C3 pathway. Before
43 DAE, the changing pattern in the ratio of PEPcase to
RUBPCASE activity was similar to that of PEPcase activity, but
after 43 DAE the ratio was sharply increased with flag leafFig. 3. RuBPcase activity (A) and in the ratio of PEPcase/RuBPcase (B) in flag
leaves during the days after emergence in a super-high-yield hybrid rice LYPJ
and its paternal lineWM9311 and maternal line PA64S. Vertical bars indicate SE
of the mean value for three independent samples.further aging, due to markedly decreases in RuBPcase activity
but relatively stable in PEPcase activity after 43 DAE. No
significant difference (P=0.607–0.832) was observed between
LYPJ and its parents, only except significant higher at full
ripening stage (at 55 DAE) in PA64S. The mean value for all
cultivars during the whole experiment was 0.061±0.007, despite
slightly higher than representative of C3 plants (b0.06), but still
lower than that of C4 plants (1.7–5.0).
4. Discussion
Rapid leaf senescence has been suggested to be necessary in
rapidly growing crop plants to maintain fruit development
(Krieg, 1988). Despite a significant decrease in net photosyn-
thetic rate (Pn) after full expansion but before 32 DAE (data not
shown), soluble protein content kept relatively constant during
the grain-filling period in LYPJ and its parents. Rubisco, the key
enzyme in C3 photosynthesis, is the most abundant protein in
leaves (Evans, 1989). Rubisco represents the amount of
activatable enzyme in the leaf and is proportional to Rubisco
protein concentration (Miller et al., 2000). In the present work,
the changes in the activity of Rubisco were broadly similar to
that in soluble protein content, but the decrease in Rubisco
activity was greater than that in soluble protein content. Also,
the onset of loss of Rubisco activity (11 DAE) occurred earlier
than that of soluble protein content (23 DAE), which indicated
that photosynthesis would be declined earlier than the loss of
soluble protein, since Pn is positively correlated to the activity
and/or amounts of Rubisco (Hesketh et al., 1981; Evans, 1986).
Thus, the degradation of soluble protein sometimes could not be
a fast and trustful indicator of leaf senescence as proposed in
some studies.
Compared with lower activities of PEPcase, PPDK, NADP-
MDH and NADP-ME, higher activity of RuBPcase indicated the
operation of C3 photosynthetic pathway in these cultivars.
Although very low level in activities, four key enzymes (PEPcase,
NADP-MDH, NADP-ME, PPDK) involved in C4-plant photo-
synthetic pathway existed also in flag leaves of rice, a C3 plant,
further confirming that C4 photosynthetic enzymes are common
in plants. Moreover, activities of these enzymes were different
with leaf age, increasing and decreasing, showing a bell-like
shape in the changing curve, similar with other changing patterns,
such parameters measured here as soluble protein, RuBPcase
activity. But the onset of decline in these enzymes activity seemed
later than other parameters, probably implying that these enzymes
may have some physiological functions during the late
reproductive stages. Additionally, activities of PEPcase, PPDK,
NADP-MDH, and NADP-ME observed here were much lower
than reported earlier (Wang et al., 2002).
The changing pattern in PEPcase activity during leaf
senescence was consistent with the results observed in Gly-
cine max (L.) Merr.(Li et al., 2001), but Yang et al., (2003)
reported a steady increasing pattern in rice flag leaves during
senescence. It has been considered that PEPcase in C3 plants
intrinsically functions in the anaplerotic pathway to replenish
the organic acid biosynthesis pathway with C4 chains when
demand for amino acid biosynthesis is high (Agarie et al.,
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in leaves results in a decrease of respiratory CO2 evolution or
even in a recapture of CO2 evolved via photorespiration (Agarie
et al., 2002). Therefore, PEPcase may play an important role in
the metabolism of assimilates not only during delivery to sin
tissues (Famiani et al., 2000), but also during the process of leaf
senescence.
The ratio of PEPcase to RuBPcase activity is not only a
measure of C3/C4 products but also an index showing the
proportion of PEPcase in C3-plant photosynthetic metabolism.
The PEPcase/RuBPcase ratio increased with leaf aging (before
32 DAE) and then declined between 32 and 43 DAE, and rose
sharply at 55 DAE (late senescence stage of flag leaves). The
changing pattern before 43 DAE was consistent with the results
observed by Li et al. (2001) with another C3 plants soyhean
[Glycine max (L.) Merr.], but Writh et al. (1976) reported that
PEPcase/RuBPcase ratio was lower in young leaves than in
mature leaves of wheat and oat. Why did the PEPcase/
RuBPcase ratio rise sharply at the end of flag leaves’ life?
This may be attributed to the entire degradation and transfer of
RuBPcase, while PEPcase maintained relatively high level.
Additionally, several work earlier reported that REPcase/
RuBPcase ratio was best correlated with photorespiration
(RL), but later studies had questioned this relationship (see
review in Sayre and Kennedy, 1979). Statistical analysis
revealed that there was no correlation between PEPcase/
RuBPcase ratio and RL(data not shown), r=0.368, 0.187, and
0.461 for LYPJ, WM9311 and PA64S, respectively.
The function of PPDK in C3 plants is less clear (Häusler
et al., 2002), but it could allow pyruvate conversion to sugars in
gluconeogenesis since pyruvate conversion to PEP by pyruvate
kinase is unfavorable (Edwards 2005 personal communication).
Significant decreases in PEPcase and PPDK activities after 32
DAE, which can be contributable not only to decline in
physiological functions due to leaf aging, but also to ambient
dropping temperature after 32 DAE (data not shown) probably
due to cold inactivation of both PEPcase and PPDK (Salahas
et al., 2002). The increase in PPDK activity before 32 DAE
would provide for a more rapid formation of PEP, accelerating
the PEP carboxylation reaction in direct proportion to the
increase in PPDK activity (Kazuko and James, 1986), therefore,
the correlation between PEPcase and PPDK activity was closer
(r=0.976) than that between PEPcase and other C4 enzyme.
However, a decrease in PPDK activity should be further
investigated, since gradual dehydration, cold stress, osmotic
stress, and high salt concentrations induce PPDK protein
accumulation in rice roots but not in shoots (Ryšlavá et al.,
2003).
NADP-ME has been found in varied tissues of C3 plants,
where it plays non-photosynthetic roles (Drincovich et al.,
2001). In certain C4 plants, such as maize, NADP-ME is
involved in the photosynthetic process, but in C3 plants, its
activity seems to be more associated with processes that need
reductive power (NADPH) and pyruvate as a substrate
(Edwards and Andreo, 1992). Additionally, it may respond to
different stimuli associated with plant defense against different
elicitors (Pinto et al., 1999). For example, NADP-ME wasreported the most sensitive to viral infection (Ryšlavá et al.,
2003). In the present work, compared with other three C4
enzymes, activity of NADP-ME declined earlier (Fig. 2),
probably implying that NADP-ME may be more sensitive to
leaf senescence. What's more, accumulation of NADP-ME
inside the chloroplasts renders photosynthesis more susceptible
to photoinhibition and the following photo-oxidative stress
(Tsuchida et al., 2001). The photooxidative stress causes
irreversible damage to the photosynthetic machinery (Powles,
1984). Therefore, NADP-ME can be an index of turn-point of
functions in plants as a measure of leaf senescence, or the point
occurring the irreversible senescence.
In C3 plants, NADP-MDH is involved in the export of
reducing power from the chloroplast to the cytosol, feeding
malate to the malate/oxaloacetate shuttle of the chloroplast
envelope (Miginiac-Maslow and Lancelin, 2002), namely, the
key structural component of the malate valve, an essential
system to export reducing power from chloroplasts (Scheibe,
1987) serving therefore to balance the stromal ATP/NADPH
ratio (cited in Berkemeyer et al., 1998). Morevoer, NADP-MDH
and the malate valve keep the stroma Fd pool in an oxidized
state. This malate valve operates at high light intensities, when
electron transport rates and NADPH generation exceed the
demands for CO2 assimilation and thereby prevents over-
reduction of the stroma and/or increased Mehler-peroxidase
reaction (Polle, 1996). The highest capacity was determined in
young sink leaves when the ability of the leaves to fix CO2 is not
yet fully developed (Backhausen and Scheibe, 1999). The
activity of NADP-MDH seemingly kept constant during the
whole flag leaf's life, which is conflict with the statement that the
capacity of the NADP-MDH showed clear changes correlating
with both leaf and plant age. It is not clear why NADP-MDH
showed an abnormally high value at 32 DAE.
There is a positive correlation between the activity of NADP-
MDH and photosynthetic electron transport in C4 plant leaves
(Edwards et al., 1985). The activity of NADP-MDH in LYPJ
was higher at heading-filling stage and the maximum was 80%
more than that of PA64S (Fig. 2C), indicating that super high-
yield hybrid rice cultivar LYPJ had higher rate of photosynthetic
electron transport at seed-setting grain influx time, which was
further supported by data of electron transport activities of
photosystems and of fluorescence transient JIP-test (data not
shown).
In summary, there was no advantage in activities of these
four C4 pathway enzymes in LYPJ compared with its parents,
whereas the activity of C3 pathway key enzyme RuBPcase was
higher than that in its parents, indicating that the super-high-
yield traits of the hybrid rice LYPJ could probably result from
its higher activity of RuBPcase.
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